pharynx contained four acoel flatworms, evidently commensals, each about 1 mm long, and the post-hepatic intestine contained two intact harpacticoid copepods, possibly also commensals.
From an evolutionary point of view, our most significant finding is that the conspicuous width of the collar of T. bullocki is not due to the presence of tentacles. This species is therefore certainly not a lophenteropneust in the sense intended by Lemche 5 . This raises the question as to whether any of the enteropneusts visible in deepsea photographs are actually lophenteropneusts. We therefore examined all of the photographic evidence, both published and unpublished (Fig. 3 , Table 1 ). We found that photographs of low to moderate quality are inadequate to demonstrate the presence or absence of collar tentacles. Conversely, none of the high-resolution photographs with the potential to resolve collar tentacles ever showed such structures. Additionally, one observer in a submersible, who obtained a close view (but no photographs) of deep-sea enteropneusts, saw no tentacles 18 . In sum, there is no evidence that lophenteropneusts exist as originally described. They can be removed from the list of provocative evolutionary intermediates (although the evolutionary model they engendered-namely enteropneusts giving rise to pterobranchs-might still turn out to have merit on other grounds 14 ) . Although the lophenteropneust hypothesis resulted from a misinterpretation of low-resolution photographs, it has been a valuable stimulus for research on deep-sea hemichordates [19] [20] [21] . A Although parasite-host co-speciation is a long-held hypothesis, convincing evidence for long-term co-speciation remains elusive, largely because of small numbers of hosts and parasites studied and uncertainty over rates of evolutionary change [1] [2] [3] [4] [5] . Cospeciation is especially rare in RNA viruses, in which crossspecies transfer is the dominant mode of evolution [6] [7] [8] [9] . Simian foamy viruses (SFVs) are ubiquitous, non-pathogenic retroviruses that infect all primates 10, 11 . Here we test the co-speciation Co-speciation of a host and its parasite is most likely if the parasite is transmitted vertically, causes a persistent infection and is present in a wide range of hosts 9 . Foamy viruses (FVs) are exogenous, persistent, and non-pathogenic retroviruses in the subfamily Spumaretrovirinae that have been isolated from a broad range of mammals, including horses, cows, cats and nonhuman primates (NHPs) 10, 11 . We first inferred phylogenetic trees for the SFV polymerase gene (pol) from 44 different monkey and ape species originating from both Asia and Africa, and one New World monkey (Supplementary Information). The pol gene is highly conserved and is easily amplifiable from divergent SFVs 11 . To infer the host phylogeny, we used mitochondrial (mtDNA) cytochrome oxidase subunit II (COII) sequences from 55 primate species (Supplementary Information). COII has previously been shown to be a powerful marker of primate phylogeny [12] [13] [14] . As expected, phylogenetic analysis of the COII sequences produced a tree similar to the known taxonomic relationships of the primates, and to those estimated from other genes [12] [13] [14] [15] [16] [17] [18] [19] . The COII tree was composed of four monophyletic lineages within the Hominoidea (Pan/Homo, Gorilla, Pongo and Hylobates) and seven monophyletic lineages within the Cercopithecoidea, infraorder Catarrhini (Colobidae, Trachypithecus/Pygathrix/Colobus, Cercopithecus/Chlorocebus/Erythrocebus, Allenopithecus, Macaca, Mandrillus/Cercocebus and Papio/Theropithecus/Lophocebus) with the tree rooted with the New World Ateles sequence (Fig. 1a) . Remarkably, the SFV tree formed two major monophyletic groups consisting of Hominoidea and Cercopithecoidea taxa similar to the clustering order of the COII tree (Fig. 1b) . In addition, within the Hominoidea and Cercopithecoidea SFV clades, branching orders similar to those in the COII tree were observed (Fig. 1b) . Within the Cercopithecoidea, the Trachypithecus SFV sequence was the basal taxon with the formation of seven additional clades, comprising Cercopithecus/Chlorocebus/Erythrocebus/African Macaca, Allenopithecus, Cercocebus/Mandrillus, African Colobus, Asian Macaca, Papio/Theropithecus and Lophocebus taxa. The SFV sequence from Ateles was excluded from the phylogenetic analysis because it did not seem to be a reliable outgroup. Similar trees were obtained by using both maximum-likelihood and neighbour-joining methods (data not shown), illustrating the strength of the primate and SFV phylogenetic relationships.
In total, we found statistically significant support (P ¼ 0.007) for 22 co-speciation events between the 44 SFV and 55 COII-species specific sequences. Comparison of the SFV and COII trees (Fig. 2 ) by using reconciliation analyses shows both the congruent Hominoidea and Cercopithecoidea host superfamilies and SFV lineages and the identical clustering of specific subfamilies, such as Homininae (Gorilla and Pan), Ponginae (Pongo) and Cercopithecinae (Papio). This is the first study to demonstrate such a comprehensive co-speciation relationship between exogenous viruses and their hosts.
Evidence for co-speciation of SFV and their primate hosts was also apparent on closer examination of sequences from individual primate species and subspecies within each clade (Fig. 1b) . For example, SFV sequences from each of the Bornean (Pongo pygmaeus, Ppy) and Sumatran orangutans (P. abelii, Pab) formed wellsupported sister taxa within the orangutan SFV lineage. However, one SFV sequence (PabAyer) from a Sumatran orangutan clustered with the Bornean SFVs (PpyOtis and PpyMinyak), indicating a possible interspecies transmission to this particular animal. Furthermore, SFV sequences from gibbons (Hylobates; HpiSam106 and HleChina92), gorillas (Gorilla; GgoBanga, GgoKuchi, GgoBinta and GgoKoob) and each chimpanzee species (Pan paniscus and P. troglodytes; PpnLinda and PtrB1, PvlCpz2, Psc1016, Pvr1138, respectively) and from each subspecies of common chimpanzee (P. t. troglodytes (PtrB1), P. t. verus (Pvr1138), P. t. vellerosus (PvlCpz2) and P. t. schweinfurthii (Psc1016)) formed separate branches in the respective monophyletic ape lineages.
Although there was strong phylogenetic support for a broad coevolution of primates and SFV, some instances of cross-species infections were evident. In addition to the SFV from a Sumatran orangutan noted above, the SFV sequence from a Douc langur (Pygathrix nemaeus, Pne500057) clustered with those from macaques and the African colobus sequence (Colobus guereza, Cgu910916) clustered with those from Asian macaques in the SFV tree (bootstrap support less than 60%) (Fig. 1b) rather than with SFV from an Asian langur (Trachypithecus francoisi, Tfr083616). Because all three animals were not wild-born, it is likely that their atypical SFVs were acquired from other primate species during captivity. Therefore, despite long-standing cospeciation with SFV, some primates may remain susceptible to infection with variant SFV from different species. In contrast to the monophyly of the Papio and Lophocephus taxa in the COII tree, the Lophocebus SFV sequence (LalMolly) formed a weakly supported lineage separate from the Papio SFV indicative of another crossspecies infection. However, when SFVs from additional Lophocebus taxa were included in the analysis, they clustered with Papio SFV as expected (data not shown) 16, 19 . A significant match between host and parasite phylogenies might also be produced under cross-species transmission if viruses are more likely to jump between related host species [6] [7] [8] [9] . To address this hypothesis we asked whether the divergence times of the COII and SFV trees are internally consistent. We found a strong linear relationship (r ¼ 0.8486, P , 0.0001) between the branch lengths for the host and SFV gene trees, indicating that the accumulation of genetic diversity has occurred over an equivalent period in both data sets (Fig. 3) . In addition, we found a strong agreement between the internode divergence times of the SFV and COII trees and the fossil record (Table 1) . For example, we infer the separation of the chimpanzee and gorilla lineages to be 9.8-10.8 million years (Myr) ago with the SFV tree and 10.6-16.4 Myr ago with the COII tree, in general agreement with the divergence times of 7.4-8.8 Myr ago obtained by others 18, 19 . In addition, the separation of the chimpanzee and human lineages in the COII tree is in excellent agreement with the fossil record estimate of about 5-6 Myr ago 18, 19 . Given that SFV has a wide distribution among prosimian and simian primates, our data also imply that SFVs have coexisted in primates for an evolutionary history stretching at least 65 Myr. Furthermore, because divergent FVs asymptomatically infect other mammalian orders 10 , the origin of FVs might even date back to the diversification of the placental mammals at more than 100 Myr letters to nature ago 20 . Thus, we propose FV to be the oldest known exogenous vertebrate RNA virus.
Under the assumption of co-speciation we were able to estimate the rate of nucleotide substitution in SFV. Although the presence of a strict molecular clock was weakly rejected for both the COII (P ¼ 0.005) and SFV (P ¼ 0.004) trees, the inferred substitution rates for the host and SFV genes were strikingly similar; assuming a calibration point of 25-30 Myr ago as the separation of the Hominoidea and Cercopithecoidea, the substitution rates for COII and SFV were estimated at (1.16^0.35) £ 10 28 , respectively-were obtained with the nonparametric rate smoothing program that does not assume a molecular clock 21 . SFV is therefore evolving so slowly that it approaches the rates recorded in protein-coding regions of mitochondrial DNA 22 . This substitution rate is the lowest ever reported for RNA viruses and is closer to those of DNA viruses (10 27 to 10 28 substitutions per site per year) and endogenous retroviruses ((2.3-5.0) £ 10 29 substitutions per site per year) than to other exogenous RNA viruses such as HIV and influenza A virus (normally in the range 10 23 to 10 24 substitutions per site per year) 9, [23] [24] [25] . The low substitution rates observed for SFV might be a function of their low rates of active replication, with most tissues latently infected 10 . FV expression is inhibited by negative regulation of an internal promoter unique to this group of retroviruses 26 . In addition, FV regulatory proteins have also been shown to induce the expression of cellular genes, including that encoding interferon, that are known to reduce viral expression 26 . Strong purifying selection and replication by means of a reverse transcriptase with a high fidelity will also reduce substitution rates. Whereas we found a greater number of synonymous (d S ) than non-synonymous (d N ) substitutions per site in the SFV pol sequences (d N /d S ¼ 0.161), revealing the action of purifying selection, similar or greater levels of selective constraint have been observed in rapidly evolving RNA viruses 27 and in the primate COII sequences (d N /d S ¼ 0.069). Although the fidelity of the SFV reverse transcriptase is unknown, our findings do not predict a high error rate per replication cycle as observed in HIV 25 . However, it is unlikely that the accuracy of SFV reverse transcription alone can fully explain the observed low substitution rate, and thus lower SFV expression in persistently infected hosts must also have a major role in producing the low rate of evolutionary change observed here.
Although most NHP species investigated so far harbour distinct and species-specific SFV lineages, evidence supporting the existence of a human-specific FV is not yet available. Instead, all FVs identified in humans are of simian origin in persons exposed to NHPs 10, 11 . Despite humans having a common evolution with NHPs and being susceptible to SFV infection, it is not understood why humans are not endemically infected with a distinct FV. It is possible that in the past humans were infected with an FV that became extinct because of reduced transmissibility, a finding consistent with the difficulty of human-to-human spread of SFV from accidentally infected humans 10, 11 . Alternatively, foci of endemically infected humans might exist but they have not yet been identified because of limited screening of small numbers of human populations 10 . Thus, we provide extensive evidence supporting the cospeciation of SFV and primates. The non-pathogenic nature of SFV in persistently infected natural hosts, the ubiquity of SFV in primates, the congruent SFV and primate phylogenies and the similarity in divergence times all support an ancient history of host-parasite co-speciation.
A
Methods Primate specimens and SFV serology
Fresh blood specimens were obtained opportunistically from captive and wild-born primates in accordance with the animal care and use committees at each institution. For PCR analysis, nucleic acids were prepared from peripheral blood lymphocytes (PBLs) as described previously 11 . All primates included in this study were determined as seropositive for SFV Gag antibodies in a combined antigen western blot assay as described 11 . The primate taxonomic nomenclature used here was as described 28 and were coded using the first letter of the genus and the first two letters of the species or subspecies names with their house names or codes within parentheses (Supplementary Information).
SFV isolation and propagation
SFV isolates from selected NHP species (Supplementary Information) were obtained by co-cultivation of NHP PBLs with Cf2Th cells as reported previously 11 .
Amplification of SFV and mtDNA COII DNA sequences
A total of 32 new SFVand 50 new primate mtDNA COII sequences were determined in this study. Polymerase chain reaction (PCR) was performed with 1 mg of PBLs or PBL coculture DNA in a generic nested amplification of a 465-base-pair SFV pol sequence by using methods described previously 0 ) were used to amplify COII sequences from baboons or chimpanzees, respectively, using the same PCR conditions as above. COII sequences (1218 base pairs) were also amplified by reverse transcriptase PCR from mRNA obtained from the PBLs of selected primates (Supplementary Information) with the primers COII (5 0 -GCCACATCCCCTGTCATAGAAGA-3 0 ) and APT6 (5 0 -GGTTTATAGAAAGTTGGGTGGTTGG-3 0 ) and PCR conditions 94 8C for 1 min, 55 8C for 30 s, 72 8C for 1.5 min, for a total of 30 cycles. Standard precautions were always taken to avoid PCR contamination. PCR products were revealed on 1.5% agarose gels stained with ethidium bromide, purified with a Qiaquick PCR purification kit (Qiagen) and sequenced in both directions with a BigDye terminator cycle kit and automated sequencers (Applied Biosystems).
Sequence analysis
SFV and COII sequences were aligned by using the ClustalW program (http:// www.cmbi.kun.nl/bioinf/CLUSTALW/). To minimize the effects of nuclear mtDNA pseudogenes on our analyses, only COII sequences with open reading frames were used. Identical COII sequences from the same species were omitted. Little substitution saturation was observed in the SFV and COII sequences (P , 0.00001), as determined with the DAMBE program (http://web.hku.hk/,xxia/software/software.htm), and they were therefore satisfactory for use in phylogenetic analyses. The best-fit phylogenetic model was determined with a likelihood ratio test and assumed the following nucleotide substitution rate pattern with maximum-likelihood estimated parameters: A to G and C to T ¼ 12.3, A to C ¼ 5.8, A to T and C to G ¼ 3.1, G to T ¼ 1.0; gamma-distributed rates (discrete approximation, eight categories) across sites with a maximum-likelihood estimate (MLE) of a ¼ 0.37, and unequal empirical nucleotide frequencies for the SFV alignment. This model was used to infer distance-based and maximum-likelihood trees. The best-fit substitution model for the COII sequences was HKY85 with gammadistributed rates (transition/transversion ¼ 12.1, a ¼ 0.27, MLE). This model was used to infer the COII maximum-likelihood tree. Neighbour-joining COII trees were inferred with LogDet/paralinear distances and the Moment Estimator technique enforcing the constraints of the HKY85 model. One thousand bootstrap replicates were used to assess the robustness of the final tree topology. All phylogenetic analyses were undertaken using the PAUP* package (http://www.paup.csit.fsu.edu/). To determine whether the SFV and COII sequences were behaving in a clock-like manner, the molecular-clock and variable- rate phylogenetic trees were compared by using a likelihood ratio test. Estimates and confidence intervals of the SFV divergence times were determined on the maximum-likelihood tree topology with the nonparametric rate smoothing algorithm implemented in the r8s program 21 . The branch lengths of the COII tree were re-estimated by enforcing a molecular clock with the PAUP* program. Confidence intervals for the COII divergence times were estimated with the r8s program by using the penalized likelihood algorithm 29 and 95% confidence intervals are given by 1.96j. The split of the Cercopithecoidea from the Hominoidea 25-30 Myr ago was used as a calibration point for the molecular dating of both SFV and COII sequences 18, 19 . The number of synonymous (d S ) and non-synonymous (d N ) substitutions per site were estimated with the program Diverge in the Genetic Computer Group Wisconsin Package (http://www.accelrys.com/ products/gcg_wisconsin_package).
Reconciliation analysis and comparison of branch lengths of the SFV and COII trees were performed with the TreeMap (v1.0) program in accordance with the author's instructions (http://taxonomy.zoology.gla.ac.uk/rod/treemap.html) 30 . A single optimal reconstruction was found with the heuristic search option. The significance of the observed fit between the SFV and primate trees and branch lengths was determined by comparison with the distribution of the same measure of fit for 10,000 randomly generated trees or branch lengths by using the proportional-to-distinguishable model of the randomization test incorporated in TreeMap.
